Introduction
============

Our extensive knowledge of the molecular mechanisms underlying the development of cancer has not been translated fully to the development of optimal treatment modalities, and cancer is still the leading cause of death in the developed world. Since oncolytic viruses preferentially infect and kill cancer cells, and consequently stimulate long-term immune responses against tumors, viral oncolysis may well serve as a novel approach for treating cancer in combination with standard therapies or where conventional therapies have failed.[@b1-ov-4-049],[@b2-ov-4-049]

Brief history of oncolytic viruses
==================================

The first evidence for virotherapy was reported in 1912 by De Pace, who showed major tumor regression following rabies vaccination in cancer patients.[@b3-ov-4-049] Initially, oncolytic virotherapy was carried out with wild-type viruses grown in cell cultures or fertilized eggs. The second-generation oncolytic viruses were based on genetically modified viruses to enhance the efficacy of treatment. Third-generation oncolytic viruses include "armed viruses" cloned with toxic genes or immune stimulatory genes, such as interleukin-2 and granulocyte macrophage colony-stimulating factor, in order to activate an immune response against cancer cells and increase tumor destruction.[@b2-ov-4-049],[@b4-ov-4-049] Several DNA and RNA viruses, including vaccinia, adenovirus, measles, and Newcastle disease virus (NDV) are currently being used as oncolytic viruses in advanced clinical trials. The genetically modified Adeno-5 (H101) virus was approved for the treatment of cancer in 2005 by the government of the People's Republic of China, and herpes simplex virus type 1 (HSV1; T-Vec, Amgen Inc., Thousand Oaks, CA, USA) was approved by the US Food and Drug Administration in 2013 as an oncolytic virus.[@b5-ov-4-049],[@b6-ov-4-049] Extensive descriptions of the pioneering works in the field of viral oncolysis have been published by Moore,[@b7-ov-4-049] Kapp,[@b8-ov-4-049] and Ring.[@b9-ov-4-049] Csatary in 1971 was the first to report regression of aggressive metastatic colon cancer in a Hungarian farmer following an outbreak of NDV on his farm, suggesting a correlation with NDV infection.[@b10-ov-4-049]

Newcastle disease virus
=======================

NDV is a paramyxovirus of spherical shape, 150 nM in diameter, and with a bilayer lipid envelope. The viral genome is a non-segmented, single-stranded RNA of negative polarity. The viral genome contains six genes: nucleoprotein (NP) phosphoprotein (P), matrix protein (M), fusion protein (F), hemagglutinin-neuraminidase (HN), and large protein (L). The RNA-dependent RNA polymerase complex contains the L, P, and NP proteins.[@b11-ov-4-049] Through an overlapping reading frame, the P gene encodes yet another product, the V protein, which serves as an interferon (IFN) type 1 antagonist in avian hosts.[@b12-ov-4-049],[@b13-ov-4-049] F is translated as a precursor (F0), and only after proteolytic cleavage gives the mature F1 and F2, ie, the virus that can fuse with the cell membrane to become infective.[@b14-ov-4-049],[@b15-ov-4-049] NDV naturally infects poultry, with different levels of pathogenicity depending on the virulence of the virus.[@b11-ov-4-049],[@b16-ov-4-049] NDV is usually not pathogenic to humans, although it may cause minor transient symptoms, such as conjunctivitis and flu-like symptoms.

NDV strains are divided into three groups based on their virulence in chickens; however, the different strains are not distinguishable by serology.[@b11-ov-4-049],[@b16-ov-4-049],[@b17-ov-4-049] Velogenic strains of NDV are the most virulent, causing severe disease that results in almost 100% death of infected chickens.[@b18-ov-4-049] Mesogenic NDV are mid-virulent strains, causing respiratory disease in chicks and young chickens and lowering egg-laying ability. Mortality post infection is about 25%. Among the mesogenic NDV strains with proven oncolytic activity are MTH-68/H and PV701 strains.[@b19-ov-4-049]--[@b21-ov-4-049] Lentogenic, or non-virulent attenuated strains, cause only mild symptoms in the avian respiratory tract without mortality.[@b22-ov-4-049] At present, it is acceptable to vaccinate poultry only with lentogenic strains (such as NDV Hitchner-B1, Ulster, and LaSota), while the mesogenic strains are considered an agriculture hazard. Therefore, lentogenic NDV strains have been applied extensively as oncolytic viruses.

One of the viral proteins associated with pathogenicity in avian is the F protein. Once the cleavage site in the precursor F0 polyprotein, to give mature F1 and F2, is sensitive to cellular serine proteases, due to multiple basic amino acid sequences, the virus efficiently infects and spreads in a variety of tissues and is thus pathogenic.[@b11-ov-4-049],[@b23-ov-4-049],[@b24-ov-4-049]

Oncolytic NDV
=============

The oncolytic potential of NDV has been demonstrated in cell cultures, in experimental animal models, and in clinical trials, with both pathogenic (MTH-68/H, Ulster, and PV701) and non-pathogenic (Hitchner-B1, LaSota, 73-T, and HUJ) virus strains.[@b10-ov-4-049],[@b21-ov-4-049],[@b25-ov-4-049]--[@b31-ov-4-049] NDV-HUJ (Hebrew University Jerusalem) is an attenuated strain, isolated in our laboratory from the vaccine NDV Hitchner-B1 strain. NDV Hitchner-B1 has been passaged repeatedly in the allantoic cavity of 10-day-old embryonated eggs and cloned by the limited dilution method. The HUJ strain is highly attenuated, as indicated by an Intracerebral Pathogenicity Index (ICPI) of 0.01, obtained after intracranial injection in 1-day-old chicks, compared with the ICPI of 0.39 found with most avian vaccine strains.[@b32-ov-4-049] Sequence analysis of the NDV-HUJ genome, compared with that of two other attenuated strains, NDV Hitchner-B1 and NDV-LaSota, uncovered a unique chimera with genome homology to both NDV Hitchner-B1 and NDV-LaSota strains. Notably, the amino acid sequence at the proteolytic cleavage site in between F1 and F2 is unique to the HUJ strain ([Figure 1](#f1-ov-4-049){ref-type="fig"}).[@b33-ov-4-049] This sequence is a major determinant of NDV pathogenicity and may govern the distinct properties of NDV-HUJ.

Methodologies in oncolytic NDV research
=======================================

To explore the oncolytic activity of the different viruses, most studies have used classic cell culture techniques and animal models, mostly mice. Notwithstanding, multiple promising models applied to assess the oncolytic activity of various viruses failed the final judgment of clinical trials, so some validation of the experimental models is required before entering the clinical phases.

Cell cultures
-------------

Cultures of human tumor cells are routinely used for initial assessment of viruses with potential oncolytic activity and to decipher the mechanism of oncolysis.[@b34-ov-4-049]--[@b36-ov-4-049] Among the advantages of the cell culture system are its simplicity and the ability to use tumor cells of human origin. However, tumor cell lines often differ genetically from the primary cells of the original tumor due to extensive mutations in culture, and in many cases the normal cell equivalent of the tumor cell cannot be propagated.

Animal models
-------------

Mouse models have been most commonly used in advanced stages of preclinical analysis of oncolytic viruses.[@b37-ov-4-049]--[@b41-ov-4-049] Results from animal models are usually requested by health authorities for authorization to advance from the research phase to the level of clinical trials. However, given that most oncolytic viruses, including Adeno, HSV 1, NDV, and measles are not naturally mouse viruses, their tropism in mice may not reflect the human situation.

Organ culture
-------------

We have used organ culture methodology extensively in our studies of oncolytic viruses. Fresh human cancerous and adjacent normal tissues are obtained from the operating room (after informed consent) and dissected with a microtome to thin slices 0.3--0.5 mm in width. The tissue slices are kept as an organ culture using specific medium optimized for each type of tissue ([Figure 2](#f2-ov-4-049){ref-type="fig"}).[@b30-ov-4-049],[@b42-ov-4-049] Viability of the tissues in culture is routinely tested on a daily basis using the MTT 3-(4,5-dimenthylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay and the glucose consumption test.[@b42-ov-4-049],[@b43-ov-4-049] Histology analysis indicates the original three-dimensional structure of the tissue, including the variety of cell and extracellular matrix (ECM) components.[@b30-ov-4-049],[@b44-ov-4-049] Using the organ culture system, we observed that viral tropism is dependent not only on the type of receptor expressed on the cell surface but also on the ECM that is unique to each tissue in the body. As with other models, the organ culture experimental method has its pros and cons in reflecting the human situation. One major advantage for research on oncolytic viruses is that we can simultaneously compare the virus activity in cancerous tissues versus normal tissues in the same patient. Second, comparison of virus oncolytic activity in tumor tissues derived from mice and humans indicates whether the animal model is relevant to the human situation. Validation of the mouse model is especially important when the oncolytic activity of viruses, such as adenovirus, HSV1, and NDV, which are not of mouse origin, is evaluated. However, it should be noted that while the organ culture system is closer to the human situation in the evaluation of oncolytic viruses, it lacks a blood circulation, systemic immunity, or organ boundaries, all of which might influence the clinical efficacy of the virus in the patient and are not reflected in the ex vivo model.[@b30-ov-4-049],[@b42-ov-4-049],[@b44-ov-4-049],[@b45-ov-4-049] Organ culture technology can also be used to assess the optimal treatment for an individual patient. A biopsy of cancerous tissue is taken from the patient, applied as an organ culture, and infected ex vivo with the oncolytic virus. The effect on the individual tumor tissue is subsequently analyzed by biochemical techniques. This way we may be able to fill the missing links between the research stage and clinical application.[@b30-ov-4-049],[@b44-ov-4-049]

Mechanisms of NDV-induced oncolysis
===================================

Several mechanisms for the oncolytic activity of NDV have been described: first, a direct cytopathic effect following selective infection and spread of the virus in tumor cells,[@b15-ov-4-049],[@b34-ov-4-049],[@b46-ov-4-049] and second, an indirect effect through recruitment of the innate and adaptive arms of the host immune system. Both natural killer cells and cytotoxic T lymphocytes directed against viral antigens in infected tumor cells participate in the oncolytic activity.[@b39-ov-4-049],[@b47-ov-4-049]--[@b49-ov-4-049] Oncolysis through a combination of both direct viral infection and immune mechanisms has also been demonstrated.[@b39-ov-4-049]

The molecular mechanisms via which NDV selectively kills tumor cells have been studied by several investigators.[@b34-ov-4-049],[@b50-ov-4-049],[@b51-ov-4-049] Krishnamurthy et al showed that NDV replicates to higher titers in human cancer cells than in normal cells.[@b50-ov-4-049] Yaacov et al reported that the A549 human non-small lung carcinoma cancer cell line is very sensitive to NDV-HUJ infection, while non-tumorigenic human lung (MRC5) cells are resistant to viral infection.[@b15-ov-4-049] Moreover, a recent study in our laboratory using organ culture of tissues from patients with colorectal carcinoma indicated selective infection and higher replication of NDV-HUJ in carcinoma tissue than in adjacent normal tissue ([Figure 3](#f3-ov-4-049){ref-type="fig"}). Selective NDV infection in tumor tissue ex vivo points to a unique tumor environment facilitating oncolysis in the absence of an immune response.

Intracellular factors affecting the oncolytic activity of NDV
=============================================================

In contrast with some other oncolytic viruses, the selective antitumor activity of NDV is not dependent on its ubiquitous sialic acid receptor but rather on intracellular factors.

The interferon (IFN) system
---------------------------

Viruses have evolved sophisticated genetic systems designed to overcome the antiviral activity induced by IFN upon infection of the cell.[@b52-ov-4-049]--[@b54-ov-4-049] The interplay between the cellular antiviral systems and the viral antagonistic gene products ("the arm race") determines the extent of viral replication and spread. The IFN system has been studied in some detail with respect to NDV-induced oncolysis. Lorence et al suggested that cancer cells in general are defective in IFN responses and are therefore more sensitive to NDV infection than their equivalent normal cells.[@b55-ov-4-049] Indeed, defective IFN systems, owing to either lack of induction of IFN or a deficiency of an IFN-stimulating gene response following viral infection, were reported in some cancer cell lines in culture.[@b50-ov-4-049] In agreement, our studies in fresh tissues taken from twelve colon carcinoma patients indicate that infection with NDV-HUJ induced the IFN system in normal tissues but not in tumor tissues kept as organ cultures. Moreover, we demonstrated induction of the mRNA for the IFN-stimulating gene, *MX1*, in normal tissue but not in tumor tissue post NDV-HUJ infection ([Figure 4](#f4-ov-4-049){ref-type="fig"}). These observations appear to provide an explanation for the selective oncolytic activity of NDV, at least in some tumors. Nevertheless, many tumors, including melanoma, have a functional IFN system identical to that of normal cells, and yet NDV demonstrated selective replication and oncolytic activity in those tumor cells.[@b15-ov-4-049],[@b34-ov-4-049] Thus, other mechanisms, independent of the IFN system, must facilitate the specificity of NDV for those tumors.

As noted, the NDV genome encodes for the non-structural V protein, which in avian cells, though not in mammalian cells, acts as an IFN antagonist.[@b13-ov-4-049] Therefore, replication of NDV in mammalian cells, whether cancerous or normal, with a competent IFN system is expected to be suppressed. Indeed, when the influenza *NS1* gene, which is known to antagonize the IFN system in mammalian cells,[@b52-ov-4-049],[@b54-ov-4-049] was inserted into NDV Hitchner-B1 genome, the resulting NDV chimera replicated to higher titers and exhibited an enhanced oncolytic effect in a variety of human tumor cell lines and in a mouse model of B16 melanoma.[@b40-ov-4-049]

Involvement of antiapoptotic proteins in selective oncolytic activity of NDV
----------------------------------------------------------------------------

Several studies have indicated that the oncolytic activity of NDV is associated with the apoptosis cascade, via either the intrinsic or extrinsic apoptotic pathways.[@b56-ov-4-049] We previously reported that NDV-HUJ efficiently induces the intrinsic apoptotic pathway upon infection of lung cancer cells and of chemoresistant primary melanoma cells.[@b15-ov-4-049],[@b34-ov-4-049] Surprisingly, primary melanoma cell cultures from tissues of patients with advanced melanoma (stage IV) were much more susceptible to the virus than cells taken from early melanomas (stage I and II).[@b34-ov-4-049] Since both early and advanced melanoma cells have a fully functional IFN system, we investigated other cellular pathways that may differ between the cells to explain the selectivity of NDV-induced oncolysis. A main difference found between the advanced and early stage melanoma cells is overexpression of the Livin protein, which belongs to the family of inhibitors of apoptosis proteins.[@b57-ov-4-049] The Livin protein is unique among the group of inhibitors of apoptosis proteins as cleavage at position 52 from its amino terminus end by caspase 3 protease turns the protein activity from antiapoptotic to proapoptotic.[@b57-ov-4-049]--[@b59-ov-4-049] Unexpectedly, we found that infection of advanced melanoma cells with NDV-HUJ mediated the cleavage of Livin and thus stimulated the caspase cascade into efficient apoptosis ([Figure 5](#f5-ov-4-049){ref-type="fig"}).[@b34-ov-4-049] It is not yet clear whether any of the NDV gene products are directly involved in the proteolysis of Livin into a proapoptotic protein, or perhaps the effect of infection is indirect through activation of caspase 3. In yet another study, overexpression of the antiapoptotic BCL-xL protein, which is associated with tumor resistance to cytotoxic drugs, was related to a higher replication capacity of attenuated NDV (LaSota) and consequently to apoptosis in an A549 human lung cancer cell line.[@b35-ov-4-049] Further, in NDV-infected colon carcinoma cells, the viral matrix protein M activates the proapoptotic Bax protein (a member of the Bcl-2 protein family) to induce oncolysis in tumor cell lines.[@b60-ov-4-049] Another oncogenic route involved with cell permissiveness to NDV infection relates to the H-Ras and the GTPase Rac1 gene products.[@b61-ov-4-049] It has been shown that while the HaCat epidermal cell line is not sensitive to NDV, transformation of the cell by H-Ras resulted in permissiveness to the virus, but not to oncolysis. Further expression of the small GTPase Rac1 gene was found to be essential for both NDV replication and oncolytic activity.[@b36-ov-4-049],[@b61-ov-4-049]

NDV envelope proteins as key players in the oncolytic activity
==============================================================

As described earlier, the F fusion protein is a major determinant of NDV virulence in the avian host.[@b11-ov-4-049],[@b23-ov-4-049],[@b62-ov-4-049] The sequence in the F0 protein associated with viral replication and pathogenicity was mapped to the cleavage site between F1 and F2 that is sensitive to cellular serine proteases.[@b11-ov-4-049] A main difference between the attenuated NDV-HUJ and pathogenic strains, such as MTH-68/H, lies in this sequence. The cleavage site in attenuated NDV-HUJ is amino acids 112-GRQ-GR-116 and in the pathogenic NDV-MTH-68/H strain is 112-RRQ-RR-116.[@b15-ov-4-049] In the fertilized chicken egg, there are several extracellular serine proteases able to cleave the F0 precursor protein at both the mono-basic amino acid cleavage site of NDV-HUJ and at the multi-basic amino acid site of NDV MTH-68/H. However, in mammalian tissues, due to a deficiency in some of these serine proteases, cleavage of the F0 precursor of NDV-HUJ is inefficient. Thus, excess noninfectious NDV-HUJ particles are produced and the spread of viral progeny is limited in mammalian tissues.[@b15-ov-4-049] Addition of exogenous trypsin to the progeny NDV-HUJ particles produced in mammalian tissues results in cleavage of F0 and consequent infectivity.[@b15-ov-4-049] NDV-HUJ, albeit the mono-basic amino acid at the F0 cleavage site, exhibits oncolytic activity similar to that of the NDV-MTH-68/H strain, in a number of tumors, including melanoma, carcinoma of the lung, and colon carcinoma.[@b15-ov-4-049],[@b30-ov-4-049],[@b34-ov-4-049]

It is of interest to investigate whether replacement of the F0 cleavage site in NDV-HUJ with a multi-basic amino acid sequence would further enhance the antitumor properties of this attenuated strain. Indeed, when the F0 gene of attenuated NDV (Hitchner-B1) was genetically modified to encode for a multi-basic amino acid cleavage site (rNDV/F3aa), therapeutic activity was improved when compared with that of the parent virus in immune competent tumor-bearing mice.[@b39-ov-4-049],[@b41-ov-4-049] The rNDV/F3aa mutant was effective in the treatment of highly fatal peritoneal dissemination of gastric cancer, as well as in melanoma.[@b41-ov-4-049],[@b63-ov-4-049] The mutant virus was shown to be highly fusogenic, thus causing extensive apoptosis.[@b38-ov-4-049],[@b39-ov-4-049],[@b41-ov-4-049] Insertion of the influenza IFN antagonist gene *NS1* into mutant rNDV/F3aa further increased the oncolytic activity of the virus, as demonstrated by regression of B16 melanoma in mice and its effect on a variety of human tumor cell lines.[@b41-ov-4-049]

HN, the second surface glycoprotein of NDV, is a multifunctional protein responsible for the attachment of the virus to the sialic acid receptor and assists the F protein in cell fusion and viral entry.[@b64-ov-4-049] In addition, the HN protein induces apoptosis in chicken embryo fibroblasts and in MCF-7 human tumor cells.[@b65-ov-4-049] Based on this information, it was suggested that the HN protein may also play a role in the oncolytic activity of NDV.[@b65-ov-4-049]

It may well be that cooperation of the HN and F proteins plays a role in the induction of autophagy, syncytia formation, and consequently the oncolytic activity of NDV.[@b14-ov-4-049],[@b66-ov-4-049] Cellular autophagy was observed in various tissues (heart, liver, spleen, lung, and kidney) following NDV infection in chickens.[@b66-ov-4-049] Autophagy, as a mechanism facilitating NDV replication, was also reported in infected glioma cells in culture.[@b67-ov-4-049] Moreover, pharmacological enhancement of autophagy-stimulated replication and the oncolytic activity of the NDV/FMW strain in drug-resistant lung cancer cells points to the importance of autophagy in oncolysis.[@b68-ov-4-049]

ECM molecules in solid tumor tissue restrict viral spread and oncolysis
=======================================================================

Effective treatment of solid tumors with oncolytic viruses requires spread of progeny virus following the initial infection. Viral spread may be restricted by a variety of mechanisms, including innate and adaptive immune responses in the tissue, and by ECM molecules that the virus has to transverse during spread. Kolodkin-Gal et al have reported that HSV1 selectively infects colon carcinoma tissues in organ culture as compared with normal tissue due to differences in the organization of the ECM barrier in normal and tumor tissues. Digestion of the ECM in normal colon tissue enabled efficient infection by HSV1, and consequently the selectivity of the virus to the cancer tissue diminished.[@b44-ov-4-049] Other studies have shown that insertion of genes encoding for matrix metalloproteinases (MMPs) into the genome of HSV1 and adenovirus endows the recombinant viruses with improved spread and oncolytic activity in solid tumors due to efficient degradation of extracellular protein in the tumor tissue.[@b69-ov-4-049],[@b70-ov-4-049] Nevertheless, the clinical application of MMP-armed viruses may be challenging because these proteolytic enzymes have been associated with metastatic spread, and in fact inhibitors against these proteases have been developed to counteract metastatic cancer.[@b71-ov-4-049]--[@b73-ov-4-049] We have studied the effect of ECM molecules on NDV infection and spread in mouse models of lung and melanoma cancers. Indeed, intratumoral injection of NDV together with the ECM degrading enzymes, collagenase and heparanase, enabled competent virus spread in the tumor, resulting in efficient oncolysis.[@b30-ov-4-049] These observations should be taken into account in the development of oncolytic viruses and especially in the selection of the type of tumor to be treated.

NDV and immunotherapy
=====================

In addition to its direct cytolytic effect, the antitumor activity of NDV is associated with activation of both innate and adaptive immunity against tumor antigens in conjunction with viral antigens.[@b48-ov-4-049],[@b74-ov-4-049] Adaptive immunity, involving antibodies and cytotoxic T lymphocytes, is strongly stimulated following infection of the natural avian host as well as mammals.[@b39-ov-4-049],[@b47-ov-4-049],[@b75-ov-4-049] Since NDV selectively infects tumor cells, viral antigens are preferentially displayed on tumor cells in conjunction with tumor antigens. In addition, NDV infection results in upregulation of major histocompatibility complex class I molecules, to appropriately display the viral and tumor antigens to the immune system.[@b76-ov-4-049] The infected tumor cells are subsequently recognized and destroyed, mainly by natural killer cells and CD8+ cytotoxic T lymphocytes.

Two therapeutic approaches have been pursued to exploit the strong immune response against NDV-infected tumors, ie, direct intratumoral injection of the virus and infection of tumor cells ex vivo followed by injection of cell extracts or intact cells to stimulate the immune system. To explore the capacity of NDV to directly induce antitumoral immunity, we have developed a unique syngeneic mouse model of orthotropic colon carcinoma, with Balb/C mouse colon carcinoma cells (CT26) injected directly into the colon.[@b42-ov-4-049] The CT26 cell line was selected since it is permissive to infection by the attenuated NDV-HUJ, yet no cytopathic effect is noticed in infected cells (unpublished data). Thus, the oncolytic activity of NDV, due to the host immune responses and not because of direct cytopathic activity, could be studied. A single injection of NDV-HUJ directly into the developing tumor in the mouse resulted in major tumor regression (eight of 15 mice showed no signs of tumors 2 weeks post viral injection, [Figure 6](#f6-ov-4-049){ref-type="fig"}), while all the control mice injected intratumorally with phosphate-buffered saline died by day 21. Upon rechallenge of the eight tumor-free mice with an additional injection of CT26 cells into the colon tissue, seven of the mice did not show any reappearance of tumor ([Figure 7](#f7-ov-4-049){ref-type="fig"}). It should be noted that intact CT26 tumor cells in the control non-treated mice may have also poorly stimulated the immune system response.[@b77-ov-4-049],[@b78-ov-4-049] Nevertheless, without intratumoral virus injection, the immunogenicity of these tumor cells was not sufficient to block tumor progression. These results point to the role of NDV in stimulating an effective antitumor response, either as an adjuvant or in conjunction with tumor antigens expressed by the tumor cells.

Moreover, the survival of the re-challenged mice, shows that once immune memory against the cancer cells has been established, the animals are well protected from challenge with the same type of tumor cells. In yet another study, Yaacov et al showed that treatment of C57/BL mice bearing a syngeneic tumor (Lewis lung carcinoma cells \[3LL\]) by intravenous or subcutaneous injection of NDV-HUJ resulted in inhibition of both primary and distant metastasis and prolonged survival time.[@b15-ov-4-049] The replicative NDV-MTH-68/H and the attenuated NDV-HUJ strain demonstrated a similar oncolytic effect in this mouse tumor model, again pointing to the importance of immune responses in the oncolytic activity of NDV.

In agreement, injection of NDV into mice with implanted B16 melanoma tumors was shown to induce a systemic inflammatory effect, leading to infiltration with tumor-specific CD4+ and CD8+ T-cells, and an antitumor effect in distant metastases.[@b49-ov-4-049] The contribution of the immune response to the oncolytic activity of NDV was further demonstrated using recombinant NDV armed with the interleukin-2 gene. Subcutaneous injection of this armed recombinant NDV into mice implanted with CT26 colon carcinoma cells resulted in marked tumor regression.[@b39-ov-4-049] Overexpression of interleukin-2 following injection with this virus contributed to a T-cell dependent immune response against tumor-associated antigen, leading to more complete tumor regression and protection from a subsequent tumor challenge with the same tumor cells.[@b39-ov-4-049] These observations may open up a new approach for treatment with a recombinant NDV expressing a specific tumor-associated antigen for use as a therapeutic cancer vaccine.[@b79-ov-4-049]

The relative contributions of the direct cytopathic activity of the virus and the immune responses to its antigens may vary from tumor to tumor and between the NDV strains. Taken together, these results emphasize the importance of the host innate response and immune memory in the oncolytic activity of NDV. Schirrmacher et al have pioneered yet another approach to the treatment of cancer by employing autologous tumor vaccine (ATV-NDV) through application of autologous irradiated tumor cells infected ex vivo with NDV. This treatment protocol activates both the innate and adaptive immune systems towards the cancerous tissue, resulting in effective oncolysis.[@b74-ov-4-049],[@b80-ov-4-049]--[@b82-ov-4-049] Several clinical trials based on this approach in patients harboring melanoma and colon carcinoma metastasis showed immune memory against the tumor, tumor regression, and increased survival.[@b47-ov-4-049]

In summary, NDV is an effective immune adjuvant, provoking both innate and adaptive immune responses for the generation of an antitumor immune response.[@b76-ov-4-049]

Clinical trials
===============

Clinical applications of NDV in cancer therapy have preceded all preclinical studies with the virus, and in fact were carried out prior to any safety evaluation of such treatment. Initial observations were recorded in cancer patients following vaccination or contracting a natural viral infection.[@b7-ov-4-049],[@b8-ov-4-049] The replicative NDV-MTH-68/H strain, first used in clinical trials, was introduced to patients with a variety of cancers through the intravenous route or by inhalation. Overall, positive outcomes have been reported and no serious adverse effects were noted.[@b19-ov-4-049] However, these early treatments were carried out in an uncontrolled fashion and it is therefore difficult to draw conclusions related to the efficacy and toxicity of NDV in cancer patients.[@b19-ov-4-049]

Three general approaches were applied in more recent clinical studies: direct injection of free infectious virus, injection of protein lysates derived from tumor cells infected in culture by NDV, and injection of intact fixed tumor cells infected in culture by NDV ([Table 1](#t1-ov-4-049){ref-type="table"}). Application of either infected whole cells or cell lysates relies only on the adjuvant activity of NDV proteins, expressed in cells to stimulate the patient immune system to respond against the tumor. Notwithstanding, the activity of the whole cell vaccine is higher than that of the oncolysate. Since the aim of these approaches has been to elicit tumor-specific natural killer cells and cytotoxic CD8+ cells against tumor antigens, tumors like melanoma and renal cell carcinoma, known to selectively express immunogenic proteins, were selected.[@b83-ov-4-049] To further enhance the immunogenicity of the therapeutic vaccine, some of the patients were also treated with interleukin-2 or IFN-γ. The cells used in these studies were usually derived from the patient's own tumor (autologous vaccine) and in some trials from stable cell lines (allogeneic vaccine) grown in culture. The major difference between infected intact cells and lysed cell protein preparations, such as antitumor vaccine, is related to the NDV strain used for infection of the cell cultures, ie, a non-lytic-attenuated NDV strain for whole cell vaccine and a lytic virus for preparation of a cell extract. Exposure of the patient's immune system to the viral antigens in the two therapeutic vaccines is expected to differ. While for a whole cell vaccine the immune system responds mainly to the viral envelope proteins F and HN, as well to processed viral peptides in the context of major histocompatibility complex I on the cell surface, in cell extract preparations all viral proteins are exposed.

The Phase I/II clinical trials carried out with the two therapeutic vaccines point to a positive antitumor effect, in particular with regard to overall disease-free survival.[@b76-ov-4-049] It should be noted, however, that these conclusions are based on historical data from patients with the same type of tumor and not from a control group within the same trial.

Antitumor activity after injection of free infectious NDV
=========================================================

Preclinical animal models have clearly demonstrated an oncolytic effect of both attenuated and replicative NDV strains injected either systemically or directly into tumor tissue.[@b39-ov-4-049]--[@b41-ov-4-049],[@b79-ov-4-049] Based on these findings, several Phase I/II clinical studies were carried out using either the replicative NDV-PV701 strain or the attenuated NDV-HUJ strain.[@b21-ov-4-049],[@b25-ov-4-049],[@b55-ov-4-049] These initial studies demonstrated efficacy in some patients; but clearly the small numbers of participants in each of the studies do not allow clear conclusions. However, it should be noted that while no major side effects were noted in the study with the attenuated NDV-HUJ strain, injection of the replicative NDV-PV701 strain caused fatigue, fever, and low blood pressure in the patients.[@b84-ov-4-049] Results of clinical trials with several NDV strains, both replicative and attenuated, have been summarized by Lam[@b76-ov-4-049] (see also [Table 1](#t1-ov-4-049){ref-type="table"}).

The effectiveness of viral oncolysis following repeated virus administration is expected to diminish over time due to eliciting of neutralizing antibodies. While data on this point are clearly missing, a clinical trial in 14 patients suffering from glioblastoma multiforme given repeated injections of NDV-HUJ indicated that NDV antibodies developed slowly and had either plateaued or started to decrease by week 8 of treatment.[@b25-ov-4-049] Further, one patient who achieved complete tumor regression developed antibodies to NDV early on and to the same level as other nonresponding patients. This may suggest minimal interference of NDV antibodies with the oncolytic activity. A similar observation was made by Pecora et al in a clinical study of patients harboring advanced solid cancers.[@b21-ov-4-049]

To overcome the potential neutralization of the virus by antibodies, it was suggested to use small DNA aptamers to block the antibodies in the circulation and thus shield the virus from neutralization.[@b85-ov-4-049] Other potential solutions to this obstacle are outlined by Russell et al.[@b2-ov-4-049]

Discussion
==========

The extensive preclinical data and limited clinical experience with oncolytic NDV clearly indicate its potential efficacy for a variety of lymphomas and solid tumors, including metastases. However, there are several open questions that need to be resolved in order to maximize the likelihood of success in large-scale clinical trials. First, there is a need for additional validated preclinical models to understand the mode of infection and spread of NDV in human cancerous tissues. The mouse model frequently used at the preclinical stage of antitumor drug development may not reflect certain major aspects of human disease or interaction with the virus. For example, NDV, originally an avian virus, could have different tissue tropism in mice and humans, and the immune responses of mice and humans to the virus are likely to differ. With this in mind, we have developed the organ culture system, with human cancerous and normal tissues from the same patient, as an ex vivo model to evaluate the tropism, spread, and mechanism of action of oncolytic NDV in the relevant human tumors. Based on results obtained in an ex vivo model, we now propose the application of our ex vivo model in clinical trials, as additional inclusion criteria, to those already in use, for improving the prospect of personalized treatment. A biopsy of tumor tissue from a patient is applied to organ culture and the oncolytic virus capacity to infect, spread, and destroy the tissue is followed by laboratory means. Results obtained in the ex vivo model would then serve to determine treatment parameters in the clinical phase. The ex vivo model system is of course relevant for clinical studies of direct oncolysis following injection of the virus.

Extensive preclinical studies have indicated two major modes of oncolysis with NDV, ie, selective infection and killing of tumor cells[@b15-ov-4-049],[@b34-ov-4-049],[@b46-ov-4-049] or indirectly through induction of specific host immune responses acting against the tumor tissue.[@b47-ov-4-049]--[@b49-ov-4-049],[@b80-ov-4-049] In fact, both oncolytic pathways are induced following direct treatment with NDV. More studies are clearly needed to establish the contribution of each oncolytic pathway following introduction of NDV by different routes, ie, intravenous or intraperitoneal.

The choice of oncolytic NDV strain has to be determined through side-by-side comparison experiments. The pathogenic replicative NDV strains, such as PV701 and MTH-68/H, have the potential to efficiently spread in solid tumors to directly kill cells. However, the ECM and other barriers in the solid tumor may interfere and slow viral spread and thus lower the effective oncolytic outcome. Further, these replicative virus strains may evoke undesirable side effects in the patient and may pose safety problems to the environment and to medical personnel. The attenuated NDV strains, such as HUJ, Ulster, and Hitchner-B1, selectively infect tumor cells but have a limited spreading capacity.[@b30-ov-4-049] The attenuated NDV strains appear to better induce an antitumor immune response and do not cause an adverse reaction in patients.[@b25-ov-4-049]

Overall, NDV is a rather safe virus for the treatment of humans, its RNA genome is stable, and pre-existing immunity to the virus in humans is absent. The virus infects many types of tumors since its receptor (sialic acid) is ubiquitous. Moreover, it has been demonstrated by us and others that NDV exerts efficient oncolytic activity in tumors resistant to cytotoxic drugs.[@b34-ov-4-049],[@b67-ov-4-049] Finally, engineering of the virus to better infect and spread in tumor tissue or for overexpression of immunogenic cytokines is a promising direction. More work is clearly required to select the proper genetic modifications that will provide the optimal oncolytic NDV.
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![Protein sequence comparison of three NDV strains. Hitchner-B1, Lasota, and HUJ protein sequences were compared using the Clustalw program. Differences between the protein amino acids of the three strains are marked in yellow.\
**Abbreviations:** NDV, Newcastle disease virus; HUJ, Hebrew University Jerusalem; NP, nucleoprotein; P, phosphoprotein; M, matrix protein; F, fusion protein; HN, hemagglutinin-neuraminidase; L, large protein.](ov-4-049Fig1){#f1-ov-4-049}

![Preparation of organ culture from normal and tumor tissues. Fresh tissues obtained from the surgery room are dissected with a microtome to a width of 0.3--0.5 mm per slice. Tissue slices are maintained in an optimized medium to preserve viability.](ov-4-049Fig2){#f2-ov-4-049}

![NDV selectively infects human colorectal cancer tissues.\
**Notes:** Slices of normal and cancerous human colon tissues were maintained in organ culture[@b42-ov-4-049] and the tissues were infected with NDV-HUJ (10^7^ IU). Forty-eight hours post infection, NDV proteins in the tissue were detected in situ using the polyclonal antibody against NDV. The results shown are three representative tissues from 18 patients. In 17 of 18 cancerous tissue samples, NDV protein expression was significantly higher compared to the infected normal tissue of the same patient. Viral infection is indicated by red color (Cy5 dye), while blue color indicates cell staining (DAPI).\
**Abbreviations:** NDV, Newcastle disease virus; HUJ, Hebrew University Jerusalem.](ov-4-049Fig3){#f3-ov-4-049}

![*MX1* mRNA expression following NDV-HUJ and NDV-MTH-68/H infection in normal and cancerous colon tissues.\
**Notes:** Human normal (C) and cancerous (T) colon tissues in organ culture were infected with NDV-HUJ (10^7^ IU). The interferon stimulating gene *MX1* mRNA was quantified using quantitative polymerase chain reaction. Following viral infection there is a clear upregulation of *MX1* mRNA in the normal tissue but not in the cancerous tissue. Each color bar refers to a patient. *MX1* mRNA expression level is normalized to the expression of the house keeping gene glyceraldehyde-3-phosphate dehydrogenase mRNA.\
**Abbreviations:** NDV, Newcastle disease virus; HUJ, Hebrew University Jerusalem.](ov-4-049Fig4){#f4-ov-4-049}

![Oncolytic activity of NDV-HUJ in melanoma is Livin-dependent.\
**Notes:** Advanced (stage IV) human melanoma cells overexpress the IAP Livin protein. Once Livin is cleaved, its activity reverts from antiapoptotic into proapoptotic. NDV-HUJ was found to facilitate the cleavage of Livin in advance melanoma cells.[@b34-ov-4-049]\
**Abbreviations:** NDV, Newcastle disease virus; HUJ, Hebrew University Jerusalem.](ov-4-049Fig5){#f5-ov-4-049}

![Intratumoral injection of NDV-HUJ results in reduced tumor mass in mice.\
**Notes:** Mouse colon tumor cells CT26-Luc were injected orthotopically into the Balb/C mouse rectum.[@b42-ov-4-049] After 5 days, the mice were injected intratumorally with NDV-HUJ (10^7^ IU), or with PBS. Sixteen days post intratumoral injection of NDV, mice were sacrificed and observed. Observation of the tumor mass area in the mice, before and after dissection (marked with red dashed line), following treatment with phosphate-buffered saline (**A** and **B**) or with NDV-HUJ (**C** and **D**) (marked with yellow circle).\
**Abbreviations:** NDV, Newcastle disease virus; HUJ, Hebrew University Jerusalem; PBS, phosphate-buffered saline.](ov-4-049Fig6){#f6-ov-4-049}

![NDV-HUJ induces immune memory against tumor cells in mice. Three months post tumor regression of mice treated with NDV-HUJ, the eight convalescent mice were challenged again with CT26-Luc cells.\
**Notes:** The mice were observed under a charge coupled device camera at different times post CT26-Luc cell injection.[@b42-ov-4-049] (**A**) Naïve mice injected for the first time with CT26-Luc cells, developed tumor that progressed with time. (**B**) Seven of eight convalescent mice (treated with NDV-HUJ) were resistant to tumor development upon challenge with CT26-Luc cells. Minor tumor appearance was evident 5 days post cell injection (indicated by yellow arrow), that disappeared by day 12. (**C**) One of the eight convalescent mice developed a significant tumor post CT26-Luc challenge.\
**Abbreviations:** NDV, Newcastle disease virus; HUJ, Hebrew University Jerusalem.](ov-4-049Fig7){#f7-ov-4-049}

###### 

Selected clinical trials using Newcastle disease virus

  ----------------------------------------------------------------------------------------------------------------------------------------------
  NDV strain     Tumor type                          Treatment mode   Phase                                    Reference
  -------------- ----------------------------------- ---------------- ---------------------------------------- ---------------------------------
  PV701          Solid cancers                       Intravenous      I                                        [@b21-ov-4-049],[@b55-ov-4-049]

  NDV-HUJ        Glioblastoma                        Intravenous      I--II                                    [@b25-ov-4-049]

  NDV-MTH-68/H   Various advanced cancer                              Uncontrolled clinical experiments (II)   [@b19-ov-4-049]

  Ulster         Melanoma                            ATV-NDV          II/III                                   [@b86-ov-4-049]

  Ulster         Ovarian cancer\                     ATV-NDV          II                                       [@b47-ov-4-049]
                 Stomach cancer\                                                                               
                 Pancreatic cancer\                                                                            
                 Glioblastoma                                                                                  

  Ulster         Colorectal cancer with metastases   ATV-NDV          III                                      [@b87-ov-4-049]

  Ulster         Glioblastoma                        ATV-NDV          II                                       [@b88-ov-4-049]

  Ulster         Metastatic colorectal cancer        ATV-NDV          II                                       [@b89-ov-4-049],[@b90-ov-4-049]

  Ulster         Ovarian                             ATV-NDV          II                                       [@b91-ov-4-049]

  Ulster         Advanced colorectal cancer          ATV-NDV          II                                       [@b92-ov-4-049]

  Ulster         Metastatic renal cell carcinoma     ATV-NDV          II                                       [@b93-ov-4-049]

  Ulster         Various advanced tumors             ATV-NDV          II                                       [@b94-ov-4-049]

  LaSota         Colorectal cancer                   ATV-NDV          III                                      [@b95-ov-4-049]

  LaSota         Advanced gastrointestinal tumors    ATV-NDV          II                                       [@b95-ov-4-049]
  ----------------------------------------------------------------------------------------------------------------------------------------------

**Note:** Table indicates the Newcastle disease virus strain, treatment modality, and clinical phase, and is summarized from the National Cancer institute (<http://www.cancer.gov>).[@b84-ov-4-049]

**Abbreviation:** ATV-NDV, autologous virus modified tumor vaccine using Newcastle disease virus.
